In this article, a modified generalized trap-assisted tunneling model ͑GTAT͒ is proposed to explain the excessive currents occurring at low electric fields during stressing ͑stress-induced leakage current, SILC͒. Parameters such as trap energy level, Gaussian-distributed traps, and energy loss ͑when electrons tunnel through an oxide͒ are all included in this model. The trap energy levels relative to the effective Fowler-Nordheim tunneling barriers (⌽ B ) are classified into either shallow traps or deep traps. Quantitative analyses of the effects of oxide thickness, trap energy levels, trap concentrations, and energy losses on SILC are performed. Examples relating to the SILC of thermal oxides are shown to validate the suitability of our GTAT model. Good agreement between experimental data and the simulated current-voltage curves using this model is obtained for various SILC phenomena. The extracted trap energy levels exist between 1.5 and 2.0 eV for shallow traps and at 3.2 eV for deep traps, while trap concentrations are in the range of 10 18 -10 20 cm
I. INTRODUCTION
As oxide thickness shrinks to below 10 nm, the reliability of ultrathin dielectric has become one of the most important issues in the fabrication of ultralarge scale integrated circuits ͑ULSIs͒. To judge the integrity of an ultrathin oxide film after its having been seriously impacted by voltage or current, dielectric breakdown (E BD ) and charge to breakdown (Q BD ) are two methods that can be used to provide sufficient information for the study of its reliability and stability. It was found out that stress-induced leakage current ͑SILC͒ was attributed to high field Fowler-Nordheim stressing ͑FN stress͒ on a thin oxide film, which can easily enhance leakage currents at low fields ͑i.e., 4.0-6.0 MV/cm͒. 1, 2 The leakage current, especially in the tunnel oxides of electrically erasable programmable read only memories ͑EE-PROMs͒ and flash memories, has been shown to cause degradation of data retention time and then to reduce the lifetime of memory cells. SILC, of which it depends strongly on electric field and trap concentration, would increase in magnitude with the reduction of oxide thickness. Many efforts have been made to clarify the origin of SILC; [3] [4] [5] [6] [7] [8] [9] [10] in fact, stressinduced neutral traps resulting from the hydrogen release of hot electrons was found to be the cause of SILC. 8, 11 It is generally believed that SILC is a mechanism having electrons tunneling through the oxide film by a two-step tunneling process, i.e., electrons generated from the cathode ͑metal or polysilicon͒ are first captured by stress-generated traps and then immediately emitted by these traps to reach the anode ͑Si substrate͒. This is the trap-assisted tunneling ͑TAT͒ process, which has been widely used to explain the conduction mechanism of both SILC and trapped oxides ͑i.e., SiON films͒. [12] [13] [14] In recent times, several models have been proposed to establish the current-voltage (I -V) characteristics of SILC. Ricco et al. 3 presented a TAT model including both conduction band tunneling and valence band tunneling to explain, as well as to accurately model I -V curves of SILC with an oxide thickness of 3.0-7.0 nm. It was assumed that the traps are to be uniformly distributed in both space and energy confined in bands. They concluded that SILC was remarkably independent of substrate types and oxide growth technologies. On the other hand, when electrons tunnel through a thin oxide an experimental determination of energy loss ͑ap-proximately 1.1-2.0 eV under 0.1-2.0 C/cm 2 charge injection͒ can be obtained by applying the carrier separation technique. 4 Based on this evidence of energy loss, Takagi et al. 5 proposed an inelastic TAT model using constant energy loss (E loss ϭ1.5 eV) to explain the transport properties of SILC. Such a phenomenon was also included in a model given by Rosenbaum and Register, 6 suggesting that inelastic TAT is capable of accurately modeling the dependence of SILC on oxide thickness. Furthermore, Sakakibara et al. traps in their model. Endoh et al. 8 used energy loss to propose an analytical inelastic TAT model. The trap location and sheet charge density of traps were quantitatively analyzed. As for the work of Kamohara et al., 9 the two-step TAT ͑i.e., A mode͒ and the multistep TAT ͑i.e., B mode͒ were discussed. The inelastic TAT was utilized to explain the field dependence of SILC with deep traps. Later on, Lu et al. 10 proposed a model based on the experimental results that the time dependence of SILC is related to the depletion of multiprecursors of traps.
Among the models mentioned above, the conduction mechanism of SILC was categorized into tunneling with energy loss ͑i.e., inelastic TAT͒ or without it ͑i.e., elastic TAT͒. In order to provide a better physics-based understanding of the SILC mechanism, experimental measurement of energy loss 4 was applied to the SILC modeling. Rosenbaum and Register 6 gave an empirical model including energy loss for modeling SILC properties. Yet, a conclusive model has not been established to fully understand the physical properties of SILC. Since an accurate and reliable model is indispensable for achieving good reliability of ultrathin oxides, it is important to establish a model based on appropriate physical phenomena.
In this article, we propose a generalized TAT ͑GTAT͒ model for SILC based on the location of trap energy level and trap distribution. In our previous article, 12 we have successfully modeled the conduction mechanism of nitrided oxides ͑i.e., SiON films͒ at low and high fields with elastic tunneling mechanism (E loss ϭ0 eV). For simplicity, a uniformly distributed trap concentration was assumed. Moreover, for SILC, a previous model in conjunction with Gaussian-distributed traps in space 15 was demonstrated to accurately simulate the I -V curves. Based on the considerations mentioned above, trap energy levels ͑i.e., shallow and deep levels͒, Gaussian-distributed traps ͑which are neutral traps͒, 8 and energy loss ͑or energy relaxation͒ for electrons are all included in our proposed SILC model. This model reveals the inelastic tunneling (E loss 0 eV) behavior for electrons, which is different from our previously proposed model (E loss ϭ0 eV). 12 This article can be divided into four parts. In Sec. II, the theory of developing a generalized trap-assisted tunneling model with modified form is fully illustrated. In Sec. III, the simulation results of a set of commonly used parameters are discussed to clarify the effects of oxide thickness, trap energy levels, trap concentrations, and stress electric fields on SILC. In Sec. IV, this GTAT model is examined in light of the experimental results given in previous articles by other investigators. Section V provides some explanations for the experimental fittings in Sec. IV. Finally, the conclusions of this work are given in Sec. VI. Figure 1 illustrates the proposed energy band diagrams of ͑a͒ flat-band voltage, ͑b͒ elastic TAT, and ͑c͒ inelastic TAT for our GTAT model. In Fig. 1͑a͒ 17 Therefore, it is necessary to consider energy levels for shallow traps and deep traps since the tunneling behaviors between these two cases are somewhat different, as shall be discussed later. For the elastic TAT model shown in Fig. 1͑b͒ , electrons tunnel from the cathode into traps with tunneling probability P 1 and then are immediately emitted by these traps to reach the anode with tunneling probability P 2 . Although the traps are distributed within the oxide film, the effective tunneling traps are located between X s and T ox for shallow traps, where X s is the effective tunneling position and it is designated as X s ϭ(⌽ B Ϫ⌽ t ϪE e )/E ox . As for deep traps, it is evident that the traps distributed between 0 and T ox would contribute to TAT process. Figure 1͑c͒ shows the inelastic TAT model where the trap captures an electron and lowers its energy by E loss . Afterwards, the electron is emitted and tunnels through the oxide film with the trap recovered to its original state. Here, we assume that E loss is a constant value for simplifying the modeling procedure.
II. GTAT MODEL FOR SILC
In Fig. 1 , when the applied voltage is sufficiently high, electrons tunneling from metal to oxide will meet either a triangular barrier or a trapezoidal barrier. The detailed calculation of the GTAT mechanism can be referenced to our previous article. 12 Here, the modifications of the previous GTAT model to simulate the I -V curves of SILC are calculated as follows. According to Wentzel-Kramers-Brillouin ͑WKB͒ approximation, the tunneling probability P 1 and P 2 can be expressed as
where E ox is the electric field across the oxide, q is the elementary charge, m ox is the effective mass of the electron in oxide, and ប is the reduced Planck constant. The determination of A and B depends on which barrier the electron tunnels through. The barriers are characterized as where E e is the total electron energy in metal ͑ϭ0.2 eV at 300 K͒ and V is the applied voltage. In the calculation of tunneling probability P, energy loss of E loss is included for inelastic TAT process. In the conventional GTAT model, 12 elastic TAT ͑i.e., E loss ϭ0 eV͒ was considered. Hence, the tunneling probability P is a function of ⌽ t , E loss , and E ox . The total tunneling current can be calculated by
for shallow traps, ͑2͒
where C t is a slowly varying function of electron energy 13 and N t is the trap concentration. Note that the integration range is (0ϪT ox ) for shallow traps (⌽ t Ͻ⌽ B ) and (X s ϪT ox ) for deep traps (⌽ t Ͼ⌽ B ). These two integration limits are equivalent, with the exception that while shallow traps are considered, the effective TAT range is somewhat smaller ͓see Fig. 1͑b͔͒ . The detailed energy band diagrams depicted for these two cases can be referred to our previous article. 12 This GTAT model includes both triangular barrier tunneling and trapezoidal barrier tunneling. It is found that a trapezoidal barrier tunneling would contribute additional tunneling paths and dominate the tunneling current at low electric fields. 12 To precisely simulate the I -V curves of SILC at E ox ϭ4.0-6.0 MV/cm, it is recommended that trapezoidal barrier tunneling should be taken into consideration.
From Eqs. ͑2͒ and ͑3͒, it is obvious that the tunneling current is strongly dependent on trap concentration N t . It was assumed in previous works 3, 5, 6 that a constant trap concentration is uniformly distributed within the whole oxide. Similarly, Chou et al. 15 proposed Gaussian-distributed traps under high field FN stress. The generated traps distributed in space and energy can be modeled as
where E stress is the electric field of FN stress and ⌬x is the peak width. The trap distribution in Eq. ͑4͒ is slightly modified from Chou et al.'s model because the traps are likely to be present within the entire oxide layer with a peak at x o ϭX t ϩ(T ox ϪX t )/3 rather than at a range from X t to T ox where X t is the tunneling-out position (X t ϭ⌽ B /E stress ). According to Eqs. ͑2͒-͑4͒, parameters such as oxide thickness (T ox ), trap energy level (⌽ t ), effective barrier height (⌽ B ), electric field of FN stress (E stress ), peak trap concentration (N o ), and energy loss (E loss ) are closely related to the tunneling current. The values of peak trap concentration (N o ), trap location (⌽ t ), and energy loss (E loss ) can be derived from this GTAT model by substituting the parameters ͑T ox and E stress ͒ together with another parameter (⌽ B ), which can be calculated using the FN plot.
III. THEORETICAL SIMULATION RESULTS
To quantitatively analyze SILC using this GTAT model, a set of parameter values is chosen to simulate I -V curves. A variety of oxide thickness as has been studied in the literature: 3.0-5.0, 3,9 5.0-7.0, 3-10 and 9.2 nm. 7 It can be seen that the validity of TAT lies in between 3.0 and 10 nm since an oxide thickness below 3.0 nm shows direct tunneling ͑DT͒ and the tunneling probability of a thick oxide (T ox Ͼ10 nm) is very small, resulting in negligible tunneling current. In the following discussions, the effects of the parameters listed in Sec. II on the I -V characteristics of SILC are fully discussed. Some interesting behaviors can be observed from the simulated results provided in the following discussions. The simulated parameters are: T ox ϭ4-8 nm, ⌽ B ϭ3.15 eV, ⌽ t ϭ2 or 4 eV, E stress ϭ10-14 MV/cm, N o ϭ10 17 -10 19 cm Ϫ3 , ⌬xϭ0.7 nm, E loss ϭ0 or 0.5 eV.
A. Tunneling probability Figure 2 shows the calculated distribution of the tunneling probability ͓ P 1 • P 2 /(P 1 ϩ P 2 )͔ for both triangular barrier tunneling and trapezoidal barrier tunneling of a 6.0 nm oxide. In this figure, an example of shallow traps is considered. The effective traps contributing to TAT are dependent on X s -a function of electric field E ox . As the oxide field increases up to 7.0 MV/cm, the conduction band of cathode rises significantly in reference to the conduction band of anode ͓see Fig. 1͑b͔͒ . Therefore, it is evident that triangular barrier tunneling dominates the TAT process. As the field across oxide is less than 4.0 MV/cm, no triangular barrier tunneling exists in this figure; but a maximum tunneling FIG. 2 . Distribution of the tunneling probability ͓ P 1 • P 2 /(P 1 ϩ P 2 )͔ for both triangular barrier tunneling and trapezoidal barrier tunneling with respect to a 6.0 nm oxide. probability exists ͑almost in the center of the oxide͒ at 3.0 nm from metal-oxide interface. In comparison to triangular barrier tunneling, trapezoidal barrier tunneling shows a relatively small tunneling probability distributing in the range of 0.5ϫT ox -T ox . Therefore, trapezoidal barrier tunneling should not be ignored because of its influence on the low field current. 12 In another case, inelastic tunneling that results in both similar curves ͑not shown in this article͒ and smaller tunneling probability due to the lowered energy level ͑resulting from the energy loss when a trap captures an electron͒ will enhance the probability of trapezoidal barrier tunneling, as can be seen in Fig. 1͑c͒ . Hence, the tunneling current shows a reduced value after considering energy loss. A maximum tunneling probability exists at 3.5 nm, and it is close to the interface between oxide and Si. In the following discussions, the traps distributed close to the center of an oxide film dominate the tunneling current because of the appearance of maximum tunneling probability with respect to which it is mainly composed of triangular barrier tunneling. Figure 3 illustrates the effect of oxide thickness on I -V characteristics for SILC, where Fig. 3͑a͒ is for shallow traps and Fig. 3͑b͒ is for deep traps. In this figure, a complete I -V curve including FN tunneling current and SILC at low electric fields is shown. The FN tunneling dominates in regions of high fields above 8.0 MV/cm. On the other hand, SILC has been demonstrated to appear at 4.0-6.0 MV/cm. As oxide thickness increases, SILC is decreased as well-the same results as those described in the literature. 6, 15 When considering energy loss of E loss ϭ0.5 eV, the tunneling current is reduced, especially in thicker oxide. This reduction of SILC arises from the fact that trapezoidal barrier tunneling dominates the tunneling current; therefore, the tunneling probability in thick oxide is prominently reduced.
B. Effect of oxide thickness on SILC
In the case of the deep traps as shown in Fig. 3͑b͒ , it is interesting to note that elastic TAT (E loss ϭ0 eV) maintains a constant SILC between 2.0-5.0 MV/cm. This is due to the fact that the tunnel-in probability ( P 1 ) is nearly equal to the tunnel-out probability ( P 2 ) at low electric fields on a deep trap energy level (⌽ t ϭ4 eV). 9 More detailed discussions shall be described in Sec. III D. However, when energy loss (E loss ϭ0.5 eV) is considered, it is found that SILC is a function of electric field with SILC of inelastic TAT being smaller than that of elastic TAT. We will use this phenomenon to simulate experimental I -V data at low electric field. Similarly, SILC decreases with the increase of oxide thickness. A graph inserted in Fig. 3͑a͒ summarizes the relation between SILC at 5 MV/cm and oxide thickness with different stress electric fields ͑E stress ϭ10, 12, and 14 MV/cm͒. It is revealed that SILC is a strong function of oxide thickness, stress electric field, and energy loss for shallow traps. However, in the graph inserted in Fig. 3͑b͒ , deep traps show a small dependency on stress electric field, especially in the case of inelastic TAT. It is also found that SILC is increased as well with the decrement of oxide thickness. In comparison with the work done by Kamohara et al., 9 they proposed that the most favorable trap position was independent of the oxide fields. In their work, the tunneling current of deep traps ͑3.6-4.0 eV͒ arose out of DT current and was strongly dependent on oxide thickness. Our simulation results also indicate a strong dependence on oxide thickness for deep traps.
C. Effect of trap energy level on SILC
It is obvious that trap energy level is an important parameter in determining which type ͑i.e., shallow or deep͒ of trap exists. An overview of the reported articles in the literature reminds us that trap energy levels are existed in the range of 1.2-2.6 eV ͑shallow traps͒ and 3.6-4.0 eV ͑deep traps͒, which motivates us to discuss these two cases in this GTAT model. The influence of trap energy levels on SILC for shallow traps is shown in Fig. 4 . Basically, with the increase of trap energy level, SILC decreases as the trapezoidal barrier tunneling is increased. However, it should be noted that when ⌽ t ϭ1.8 eV and E ox Ͻ4 MV/cm, SILC suddenly decreases. As for deep traps of ⌽ t ϭ3.4-4.2 eV, a monolithic decrease of SILC is obtained while inelastic TAT shows a smaller SILC than that of elastic TAT.
The relation between SILC at 5 MV/cm and trap energy level is summarized in the inserted graph in Fig. 4 . For shallow traps, both inelastic TAT and elastic TAT show a maxi- mum SILC at ⌽ t ϭ1.5 and 1.7 eV, respectively. The SILC changes by 2-3 orders of magnitude with respect to the variation of trap energy levels. This particular phenomenon can also be seen in ONO interpoly dielectric of EPROMs. 18 The reason can be explained as follows. For shallow traps, the integration range of tunneling current ͓Eq. ͑2͔͒ is from X s to T ox . As trap energy level is getting deeper and deeper, X s is increased; therefore, the tunneling current increases due to larger integration range. However, deeper trap energy level also leads to smaller tunneling probability and smaller SILC. Hence, two competing effects in terms of integration range and tunneling probability can be observed, resulting in a maximum SILC at the deflection point. With the consideration of energy loss ͑ϭ0.5 eV͒, the maximum point shifts toward smaller trap energy level because the effect of tunneling probability dominates in this case. On the other hand, in the case of deep traps ͑not shown͒, a decreasing behavior of SILC occurs with the increment of trap energy level for both elastic TAT and inelastic TAT. This is the result caused by the integration range between 0 to T ox , because the deeper traps leads to smaller tunneling probability and tunneling current. The difference between elastic TAT and inelastic TAT for SILC is in the order of 3-4, indicating that the energy loss plays an important role in tunneling current. Figure 5 shows the effect of trap concentration on SILC for shallow traps and deep traps. Also, SILC of both elastic TAT and inelastic TAT are presented for comparison. It is clearly observed that a higher trap concentration leads to larger SILC, and a higher energy loss leads to a reduced tunneling current. The SILC of deep traps shows similar I -V curves as that in Fig. 3͑b͒ . By neglecting the FN tunneling current in Fig. 5͑a͒ , SILC occurs at both electric fields of 3.0-8.0 MV/cm for E loss ϭ0 eV and electric fields of 3.0-7.0 MV/cm for E loss ϭ0.5 eV. However, in the case of deep traps ͓Fig. 5͑b͔͒, SILC occurs at both electric fields of 1.0-5.0 MV/cm for E loss ϭ0 eV and electric fields of 2.0-4.0 MV/cm for E loss ϭ0.5 eV. It is evident as reported in the literature that the proposed trap energy level is located on a shallow level ͑1.2-2.6 eV͒ rather than a deep level. 6, 8, 16, 17 By calculating the tunneling probability from the WKB approximation, it is found that the tunneling current of deep traps is less than equipment's limitation (ϳ10 Ϫ10 A/cm 2 ). Nevertheless, we still can simulate the tunneling current of deep traps by probably substituting the corresponding parameters. The exact energy level of stress induced traps needs to be measured in the future.
D. Effect of trap concentration on SILC
From the work done by Sakakibara et al., 19 a time-decay reproducible SILC has been identified after FN stress and substrate hot-hole stress with five current components being classified. The current component No. 4 in their data showed a similar behavior as in the case of deep traps at E loss ϭ0 eV. The occurrence of this SILC was originated from the inferences that electrons tunneled into electron traps with repulsive potential barrier plus trap energy level was lower than Fermi level of Si substrate, as proposed by Sakakibara et al. In comparison with our simulated I -V curves, we believe that this inference is the same as that of deep traps. Moreover, other SILC components of No. 1 and No. 2 were observed at a low electric field of 1.0-2.0 MV/cm resulting from the process of electron tunneling into the neutral trap. They proposed that the trap energy level was deeper than 2.8 eV. We believe that the trap energy level described in their article is also the same as deep traps mentioned in our GTAT model. In summary, our GTAT model is suitable for the investigation of SILC characteristics. In the following section, various experimental data are used to demonstrate the correctness and feasibility of our GTAT model.
IV. SIMULATION OF EXPERIMENTAL I -V CURVES

A. Oxide thickness-dependent SILC
Chou et al. 15 quantitatively modeled SILC via TAT mechanism with the consideration of a trap distributed in space and energy. Their model included time constants of tunnel in ( in ) and tunnel out ( out ) of a trap calculated from WKB approximation. Our GTAT model gives a comprehensive study of the TAT mechanism, which is basically different from their model. Figure 6 shows SILC ͑solid circles from the work done by Chou et al.͒ as a function of an oxide field with oxide thicknesses of 4.2, 5.2, and 6 nm, respectively. The electrical stress was performed at a constant current density of 50 mA/cm 2 from substrate. As for the simulation curves of our GTAT model, varying N o and ⌬x appropriately can obtain good correlation. With the increase of SILC, the corresponding N o also increases ͑i.e., the generated trap concentration increases͒. At 6 MV/cm, SILC shows a smaller value for thinner oxide ͑4.2 nm͒ than for thick oxide ͑6 nm͒ because of the reduction of distance for electrons to gain energy. 15 The neglect of energy loss (E loss ϭ0 eV) by our model is one thing that has to be mentioned. Chou et al. also modeled the experimental data with a two-step elastic (E loss ϭ0 eV) TAT process.
B. Oxide field-dependent energy loss
Endoh et al. 8 gave an analytical model of inelastic TAT for the quantitative analysis of SILC in a 6.8 nm SiO 2 film. The trap sites were located at 0.6ϫT ox in reference to the metal-oxide interface with a sheet charge density of 6.54 ϫ10 Ϫ8 C/cm 2 . They also proposed an oxide field-dependent energy loss of less than 2 eV in magnitude. This is somewhat different from the work done by Takagi et al. 4 because the experimental results showed slight variations of E loss as a function of E ox . Furthermore, the energy loss was proposed to be depending on the stressing conditions. In our model, a constant energy loss is assumed for simplicity. The simulation result is shown in Fig. 7 ͑solid circles from the work done by Endoh et al.͒ with trap energy level of 1.5 eV and energy loss of 0.5 eV. The results indicate that there is little discrepancy obtained between the simulated curves of our GTAT model and experimental data. In comparison with Endoh's model, our GTAT model assumes volume traps to be distributed within the entire oxide while they studied the TAT mechanism based on sheet traps to be located at a certain position in the oxide. Although the starting point of our model is different from theirs, the simulated results are found to be comparable and acceptable in terms of energy level and energy loss.
C. Experimental evidence of inelastic TAT
Takagi et al. 4, 5 experimentally observed that energy loss during tunneling across the oxide was responsible for SILC due to the change in the energy level between traps. The energy loss has been estimated to be 1.5 eV in average. They proposed an inelastic TAT model to accurately represent the I -V characteristics of SILC. The impact of energy loss on the I -V characteristics was related to trap distribution inside the oxide film. The oxygen vacancy with large lattice distortion was speculated to be the origin of traps in SILC, and this defect was capable of changing the energy level between neutral and electron trapped state during the TAT process. The experimental data ͑from the work done by Takagi et al.͒ after 1.15 C/cm 2 stress is shown in Fig. 8 . The simulated curve by our GTAT model represents a trap energy level of 1.5 eV and energy loss of 1.15 eV. FN tunneling can not be fitted well when E ox Ͼ8 MV/cm. Under such a high electric field, even a catastrophic breakdown with sharp increase in current may occur. However, this phenomenon was not seen in Fig. 8 . The divergence between the experimental data and FN curve was attributed to a lack of traps contributing to a low tunneling probability. 14 In their model, the estimated trap energy level was located at 1.2-1.8 eV while the measured energy loss lies in between 1.1 and 2 eV at electron fluence of 0.1-2.0 C/cm 2 . Therefore, it is concluded that our GTAT model can precisely simulate I -V curves of SILC to have significant energy loss during the electron tunneling process.
D. SILC under various stress conditions
At low fields, Rosenbaum and Register 6 also investigated inelastic TAT to explain the SILC dependence on thickness. They proposed an empirical model rather than a physically derived TAT model to clarify the SILC dependencies on oxide thickness, electric field/voltage, and trap density, respectively. The trap distribution was assumed to be monoenergetic and spatially uniform in the oxide. The experimental data ͑from the work done by Rosenbaum and Register͒ of a 5.5 nm oxide stressed at ͑a͒ 0.001 A/cm 2 for 100 s, ͑b͒ 0.01 A/cm 2 for 10 s, and ͑c͒ 0.1 A/cm 2 for 1 s are shown in Fig. 9 . In addition, the curves simulated by our GTAT model are displayed for comparison. The estimated trap energy level is 2 eV with the energy loss being 0.4 eV. For different stressing conditions, it can be seen that trap concentration increases with the increment of current stress because the corresponding stress electric field increases. The extracted energy loss is small as compared to Fig. 8 , but it is close to the result presented in Fig. 7 , which was not shown in the work by Rosenbaum and Register.
E. SILC of deep traps
By introducing deep level traps, Kamohara et al. developed an inelastic TAT model to explain FN field dependence and DT field dependence on oxide thickness. 9 They discussed both A-mode and B-mode tunneling for SILC in nominal oxide region and weak oxide spots, respectively. In comparison with our model, only the two-step TAT ͑i.e., A mode͒ is considered in this study. Figure 10 shows I -V curves for experimental data ͑from the work by Kamohara et al.͒ with a 6.5 nm oxide stressed at 0.1 C/cm 2 and curves simulated from our GTAT model. Good agreement is obtained when ⌽ t ϭ3.2 eV, a value slightly different from their results. Furthermore, energy loss can be disregarded in this work. The extracted value of N o ϭ3ϫ10 22 cm Ϫ3 with the corresponding peak trap concentration of 7.44ϫ10 21 cm
Ϫ3
suggests that an oxide containing deep traps is intrinsically filled up with a large amount of electron traps. Otherwise, electrons tunneling from cathode would completely sustain DT process rather than TAT process. In such a thick oxide, the tunneling current is under the measuring limit of the instrument. Furthermore, ⌬x is two times larger than that in Figs. 6-10. 
V. DISCUSSIONS OF FITTING RESULTS
First of all, we have to point out that the actual trap distribution, to the best of our knowledge, is still unknown. Among the various models described in the literature, trap distribution was assumed to be either uniform 3, 5, 6 or Gaussian 15 distributed. During the construction of our model, we have tried a variety of trap distributions such as constant, one-sided exponential, and Gaussian. It was observed that there existed significant difference between the calculated results and experimental data as we adopted these trap distributions, except for Gaussian. We found that only Gaussian-distributed traps can fit well with the experimental results. The same results can be found from the work done by Chou et al. 15 In this article, we propose Gaussian distribution as a possible trap distribution.
Chou et al. explained the process of the trap generation in the following approach: electrons are first being injected into the oxide by stress field ͑FN stress͒ and gain sufficient energy to create trapping site as they tunnel out to the conduction band of the oxide through triangular barrier. They proposed that the trap distribution resulting from this process is a Gaussian-like distribution. However, one should note that this is only an assumption because no measurement technique is available to obtain the exact trap distribution.
The stress field (E stress ) could affect the shape of the energy band diagram as illustrated in Fig. 1͑b͒ . X t is the effective tunneling-out position in FN tunneling (X t ϭ⌽ B /E stress ). Since traps are generated mostly between X t and T ox , the range of the trap distribution depends strongly on the stress field. In most of the cases, the stress field is chosen to be around 8-12 MV/cm such that FN tunneling can occur. If we know the stress field, we can determine the trap distribution by using Chou's model. Hence, the stress field is an important parameter in our model. Since X t can affect the value of x o ; as a result, it affects the entire calculation.
The FN curves in Figs. 7-9 are not identical with each other due to different values of ⌽ B . In Figs. 3-5 , we simulate the SILC with ⌽ B ϭ3.15 eV, which is a typical value for Al-SiO 2 -Si structure. In Figs. 7-9 , values of ⌽ B are variant because samples used in these figures had experienced different gate material ͑Al or poly-Si͒ and dissimilar fabrication processes. A fixed value of ⌽ B cannot be obtained from different researchers. Hence, we have to determine the effective value of ⌽ B by using a FN plot ͓ln(J/E ox ) vs 1/E ox ͔. From these experimental data together with a FN tunneling model reported by other investigators, we could fit the I -V curves above 8 MV/cm and obtain a value of ⌽ B . ⌽ B generally have a value between 2.8 and 3.2 eV.
Takagi et al. 4 determined experimentally the energy loss ͑approximately 1.1-2.0 eV under charge injection of 0.1-2.0 C/cm 2 ͒ for the TAT process using the carrier separation technique. Based on this observation, Takagi et al. 5 proposed an inelastic TAT model with constant energy loss of E loss ϭ1.5 eV to explain the transport properties of SILC. Furthermore, Endoh et al. 8 proposed an oxide fielddependent energy loss of less than 2 eV in magnitude. After considering these results mentioned above, the energy loss should be considered in our proposed model as well. Various energy losses ranging from 0 to 1.15 eV can be obtained from the simulation results in Figs. 6-10. One should note that energy loss is not a fixed value because stressing conditions are different for these experiments. The authors of these literatures mentioned in this paragraph have proposed different models to explain their results. Their models are generally based on elastic and inelastic tunnelings. Our model also takes into account of these two conditions. As a result, the energy loss extracting by our GTAT model is acceptable as compared with the modeling results reported in other literatures.
⌽ t represents the trap energy level below oxide conduction band. In the previous articles written by other research groups, various trap energy levels have been reported: 3.0, 1.2-1.8, 2.3, 3.6-4.0, 2.0, and 2.6 eV. 3, 6, 8, 9, 16, 17 The literature has reported different types of stress-induced trap such as hydrogen released by hot electrons, 20 trapped holes, 21 and trap sites produced by trapped-hole annihilation via free electrons. 22 Therefore, the extracted ⌽ t can represent different values from different experimental data. In this model, these traps are considered as the same type ͑i.e., electron trapping site͒ in order to simplify the modeling procedure. Currently, we cannot distinguish one from the other in terms of these traps using our GTAT model. However, the value of ⌽ t is acceptable by comparing the simulation results from other investigators.
VI. CONCLUSION
In this article, a generalized trap-assisted tunneling model is proposed including trap energy levels, trap concentration, and energy loss during the TAT process. Trap energy levels are classified into shallow traps (⌽ t Ͻ⌽ B ) and deep traps (⌽ t Ͼ⌽ B ). The stress-induced traps within the oxide are suggested to be Gaussian distribution and the energy loss is assumed constant throughout the calculation of this GTAT model. From a WKB approximation, the tunneling probability is a function of trap energy level (⌽ t ), oxide field (E ox ), and energy loss (E loss ). At low oxide electric fields ͑e.g., E ox Ͻ4.0 MV/cm͒, the tunneling process is dominated by trapezoidal barrier tunneling, and triangular barrier tunneling increases as E ox is increased. In the case of shallow traps, the efficient traps contributing to TAT process are located from X s to T ox where X s depends on oxide field. We can quantitatively analyze the effects of oxide thickness, trap energy level, trap concentration, and energy loss on SILC using the simulation results. The neutral trap energy level can be directly derived from this model without capacitance-voltage or deep level transient spectroscopy measurements. Comparisons between experimental data and simulated I -V curves obtained from our GTAT model are also presented. It is found that our model can accurately explain the results of various experimental data such as SILC in conjunction with oxide thickness and SILC under various stressing conditions. It is concluded that this GTAT model can provide a better physics-based understanding of trap energy level and trap distribution, which can also be used to simulate a reliable thin oxide for future ULSI technology. 
